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Materials from the Al2O3–SiO2–ZrO2 and the Al2O3–SiO2–ZrO2–TiO2 systems have several high temperature applications because they
present the good refractoriness, chemical inertness, adequate mechanical and thermo-mechanical behaviors with a relatively good cost:
performance ratio. In this work stoichiometric (3:2:1) molar incompatible mixtures of alumina (Al2O3), zircon (ZrSiO4) and titania (TiO2) were
slip casted and sintered in a 1300–1500 1C temperature range in order to obtain mullite (3Al2O3  2SiO2), zirconia (ZrO2) and zirconium titanate
(ZrTiO4) dense triple ceramic composite.
Both sintering and reaction occurred after the thermal treatments. Reaction progress and densiﬁcation evolutions were established. Dense
Triplex composite materials were achieved after 1500 1C treatments. The reaction-sintering was followed by XRD, TG–DTA, and dilatometry.
Densiﬁcation started at 1100 1C and the chemical reactions only started above 1300 1C. Aluminum titanate (Al2TiO5) was found to be an
intermediate of the reaction after 1400 1C treatments. Materials treated below 1300 1C presented a partial densiﬁcation of the unreacted starting
powders. Resulting ceramic materials were characterized. The crystalline phases were evaluated, as well as the texture properties. The achieved
microstructure consisted in interlocked multiphase ceramic with zirconia (monoclinic) grains. The achieved Hv and KIC reached 9 GPa and
4.3 MPa m1/2 respectively. The dense and interlocked ceramic microstructure and relative high mechanical properties of the developed material
encourages several high temperature applications. Finally it can be pointed out that after 1500 1C treatments some detrimental grain growth was
observed.
& 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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Composite materials have an important industrial and
technological role. The designing capability of the manufac-
turer in properties and behaviors is enhanced by combining
two or more different materials. However the ﬁnal properties
will not always be between the pure material ones, in fact in
several cases the properties are considerably improved. Once
the constituent phases and the processing conditions are10.1016/j.ceramint.2015.09.106
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of the most important processing variables [1,2].
The mullite ceramics have had and will continue to have a
signiﬁcant role in the development of traditional and advanced
ceramics [3–6]. Mullite is the only stable crystalline phase in
the aluminosilicate system, under normal atmospheric pressure
at room through elevated temperatures [3]. Its chemical
composition ranges from 3Al2O3–2SiO2 to approximately
2Al2O3–SiO2. It has received signiﬁcant attention during the
last decades as a potential structural material for high
temperature applications [3–6].
Particularly mullite–zirconia composites are materials with
important technological applications due to their good proper-
ties such as toughness, chemical stability, and high-creep
N.M. Rendtorff et al. / Ceramics International 42 (2016) 1563–15721564resistance [7–12]. In practice they are employed in the glass
industry and where high chemical and corrosion resistance are
required. Zircon and alumina are largely employed as raw
materials in their manufacture [13–15]. The reaction sintering
processes is a suitable strategy for obtaining zirconia compo-
sites at comparatively lower costs than introducing zirconia as
starting powder [16–19].
The addition of TiO2 to mullite–zirconia composites pre-
pared from different alumina sources leads to change of
reaction sintering, densiﬁcation and microstructure which can
alternately change the formation temperature and retention of t-
ZrO2 phase in these composites [20–23].
The mullite–zirconia composites containing different amounts
of micro- and nano-TiO2 particles were prepared by reaction-
sintering of alumina and zircon powder by other authors using
slip casting as shaping method [23]. Then, the physical properties,
phase composition, ﬂexural strength and microstructure of these
composites were ﬁnally evaluated. This study conﬁrmed the
strong inﬂuence that nano-TiO2 particles exert on the micro-
structure and ﬂexural strength of mullite–zirconia composites.
Zirconium titanate (ZT–ZrTiO4) is commonly used as a
dielectric in microwave devices due to its high permittivity at
microwave frequencies [24–26]. ZT has been proposed for
structural and thermomechanical severe applications [27,28].
Zirconium titanate (ZrTiO4) is a well-known compound in the
ﬁeld of electro-ceramics, as constituent of dielectric resonators
and components for telecommunications, [29–34]. There is
also a family of zirconium titanate ceramic pigments [35].
The traditional preparation of ZT ceramics is based on the
solid-state reaction between TiO2 and ZrO2 powders at high
temperatures. In order to improve the functional properties of
the ceramics, expensive and energy consuming post-reaction
treatments are generally needed. Chemical methods based on
the co-precipitation of reactive precursors were developed to
prepare high purity powders and to lower the cost of the post-
reaction treatments. The main features of the preparation
methods of ZT powders were described by Navio et al. [33].
Controlled hydrolysis of alkoxides and sol–gel syntheses were
also investigated to obtain ﬁne particles. Spark plasma sinter-
ing of ZT materials has been recently reported [34].
Some materials from the ZrO2–AI2O3–SiO2–TiO2 quatern-
ary system have been studied by other authors: The phase
diagram has been reported and discussed [36], the projection
through the ZrO2 corner showing secondary phases crystal-
lizing during cooling from ZrO2–Al2O3–SiO2–TiO2 mixtures
(Z–A–S–T) containing 60 wt% ZrO2.
The zircon dissociation (Eq. (1)) and mullite formation (Eq. (2))
behavior was described for several compositions [37]. They
showed that an interesting family of dense tough ceramics can
by processed from inexpensive starting powders in the 1350–
1500 1C range. Due to low cost and availability the starting
powders chosen in this work are alumina, zircon and titania. The
consequent thermal reactions were established; particularly a
reaction sintering framework was described. The zircon dissocia-
tion and the formation of ZrTiO4 and 3Al2O3  2SiO2 can be
ensured from the phase diagram presented in the mentioned article
(Eqs. (1)–(3)). The zircon dissociation [37] occurs at hightemperatures also. Finally it should be emphasized that TiO2 forms
stable solid solutions with ZrO2 and mullite. And according to





The composition studied in the present work differs from the
range presented in [36]. In fact it is a simpler one, with less
alumina content and an integer molar relation. The concluded
sintering mechanism was enhanced by the formation of a
transient liquid phase at high temperatures. And probably this
mechanism involves a decrease in the mechanical behavior at
higher temperatures.
1.1. Objectives
The objective of the present work is to obtain a family of
dense polyphasic ceramics, with mullite as continuous matrix,
from inexpensive starting powders, and to establish the effect
of the key processing variables on the material properties.
Another objective is to evaluate the phase composition, the
developed microstructure and other technological properties.
The actually studied composition corresponds to the stoichio-
metric molar 3:2:1 which corresponds to the global reaction




Eq. (4) is equivalent to twice Eq. (1) plus Eqs. (2) and (3).




The zircon starting powder was zirconium silicate with
ZrO2: 64–65.5 wt%, SiO2: 33–34 wt%, Fe2O3: 0.10 wt% and
TiO2: 0.15 wt%, mean diameter (D50) of 2.0 μm, speciﬁc
gravity of 4.6 g/cm3, melting point of 2200 1C and hardness
(Mohs) of 7.5 (KreutzonitSuper, MahlwerkeKreutz, Germany).
The second starting powder was Alumina (ALMATIS
A-16SG) α-alumina (D50: 0.5 μm) (Al2O3: 99.8%, SiO2:
0.025 wt%) and the third was an industrial titania powder,
(TiO2: 99.7 wt%), with a crystalline Anatase–Rutile propor-
tions of 95–5 wt% and a mean diameter (D50) of around
1.0 mm (Mallinckrodt Chemical Works).
2.2. Materials processing
The processing route was chosen considering processing
strategies reported for similar materials belonging to the
Table 1
Formula and properties of the studied ceramics phases [38–44].
Formula Dtheo, Density (theoretical)
(g cm-3)






Zircon ZrSiO4 4.56 5 190 100
Alumina Al2O3 3.96 8 380 500
Titania (rutile) TiO2 4.23 8.4–11.8 250 200
Titania (anatase) Ti O2 3.8–4.0 8.4–11.8 250 200
Aluminum Titanate Al2O3.TiO2 3.68 2 375 59
Zirconium Titanate ZrTiO4 5.0 8.1 160 200
Mullite 3Al2O3.SiO2 3.2 E4.5 210 255
Zirconia (monoclinic) ZrO2 5.6 10 200 200
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metric mixtures of alumina–zircon–titania samples were slip
casted in plaster molds from a dispersion with 50% of solid
content (stirred and sonicated), at pH 10.0 and with 0.3 wt% of
Dolapix dispersant (Dolapix CE64, Zschimmers and Schwartz)
and NH4OH. Dried probes were ﬁred in an electric furnace with
a heating rate of 10 1C/min up to different temperatures between
1300 and 1500 1C with 2 h soaking. Samples were labeled Ti
where i is the maximum temperature of the thermal treatment.
2.3. Characterizations
Simultaneous thermo-gravimetric and thermo-differential
analysis was performed up to 1500 1C. To understand the
sintering behavior, thermo mechanical analysis on vertical
prismatic (20.0 3.5 3.5 mm3) sample was performed. Both
thermal analyses were carried out with a 5 1C/min heating rate
in air atmosphere (TG–DTA and TMA Rigaku Evo plus II,
Japan) [51].
Density and apparent porosity of the sintered samples were
evaluated by the Archimedes method. The crystalline phases of
sintered samples were determined by X-ray diffraction (XRD)
using CuKα radiation operating at 40 kV and 300 mA, and
quantiﬁed by the Rietveld-method [52–54]. The microstructure
analysis was made by a scanning electron microscopy (SEM)
(JEOL, JCM- 6000). To assess the densiﬁcation of the
composite the theoretical density (Dtheo) of the composite




Vi  Di ð5Þ
where Vi is the volume fraction of each crystalline phase
(i) evaluated by XRD-Rietveld quantiﬁcation and Di is the
theoretical density of each phase.
Vickers Hardness (Hv) and fracture toughness (KIC) of the
obtained ceramics were evaluated with a Vickers indentation
machine (Buhueler, USA). At least six indents submitted to a
5 Kg load for each sample were performed. The fracture
toughness was calculated from the developed crack lengths









ð6Þwhere E is the elastic modulus, H is the Vickers Hardness, P is
the indentation test load, c is the indentation crack length.
Finally δ is a material-dependent constant that was assumed to
be 0.018. The crack lengths were measured immediately after
the indentation in order to avoid slow crack growth after
removing the load. The elastic modulus (ETheo) of the





Vi  Ei ð7Þ
Once more Vi is the volume fraction of each crystalline
phase (i) evaluated by XRD-Rietveld quantiﬁcation and Ei is
the Elastic modulus of each phase, literature ﬁgures were
employed (Table 1).
Finally the dilatometric behavior of the completely con-
verted material was established (Rigaku Evo II, Japan). A
theoretical thermal expansion coefﬁcient (αTheo) was also
estimated by composite law approach from the volume
fractions (Vi) and the individual thermal expansion coefﬁcients




Vi  αi ð8Þ
3. Results and discussion
3.1. Thermal behavior of the slip casted mixture up to
1500 1C
The simultaneous TG–DTA analysis was carried out, no
process involving mass loss or gain was detected. On the other
hand, the only process observed by the DTA analysis is an
exothermic process that started slightly above 1300 1C. Fig. 1
shows the DTA curve. The end of these thermal processes was
not within the studied temperature range (room temperature to
1500 1C). This peak might be related to the subsequent chemical
processes involved in the reaction sintering. This could be the
zircon dissociation, or the formation of new phases: mullite
(3Al2O3  2SiO2), (AlTi2O5) and /or ZrTiO4 formation.
Fig. 1 also shows the complete dilatometric curve of the
unﬁred sample from room temperature to 1500 1C and the
reverse cooling cycle down to 300 1C. The sintering starts at
N.M. Rendtorff et al. / Ceramics International 42 (2016) 1563–157215661100 1C. A remarkable double ribbon behavior can be
observed near the ﬁnal temperature set. Fig. 2 shows a detail
of this ﬁnal zone. From this analysis, the sintering processes
can be observed; evidently the sintering starts gradually at
1100 1C and presents a high rate over 1200 1C. At this heating
rate, the shrinkage rate is almost constant up to 1420 1C. In
Fig. 2, the detail of the double ribbon behavior can be easily
observed. A remarkable relative expansion can be observed
after the described constant rate zone, from 1420 to 1480 1C.
This result corresponds with the new phases formed in the
reaction sintering processes. Taking into account that the
theoretical densities of the products are in some cases lower
than the reagents (see Table 1), this relative expansion is
expectable. After 1480 1C a second shrinking stage can be
delimited up to the end of the studied temperature range
(1500 1C). This should be associated to the loss of porosity of
the fully converted newly formed phases. The cooling reverse
cycle shows a continuous gradual shrinkage from this tem-
perature to 300 1C and presumably to room temperature.
In summary, from this macroscopic analysis, both sintering and
chemical processes limits could be detected, while the ﬁrst one
starts at 1100 1C, the second one only at higher temperatures
around 1380 1C. The performed XRD analysis (Section 3.3)
supported this result.Fig. 1. Dilatometric analysis (DA) and differential thermal analysis (DTA) of
the unﬁred slipcasted 3:2:1 mixture.
Fig. 2. Detail of the Dilatometric analysis (DA) the unﬁred slip-casted 3:2:1
mixture. Labeled temperature corresponds to the local minimum and
maximum.3.2. Evolution of the textural properties as a function of the
sintering temperature.
Fig. 3 shows the evolution of the textural properties (density
and porosity) with the ﬁnal sintering temperature of the
developed materials evaluated by the Archimedes immersion
method. These can be assumed as sintering parameters.
As expected, the density increased with the temperature, and
the porosity was gradually decreased up to almost null values.
The density of sample sintered at 1300 1C was around 3.2 g/
cm3 the achieved density at 1500 1C is 3.7 g/cm3. The plateau
observed for T1400 and T1450 (at 3.55 g/cm3) corresponds to
the incomplete chemical processes observed in the dilatometric
study described in the following sections.
The porosity was lowered down from 20% to less than 1% for
the sample sintered at 1500 1C. The initial porosity of the green
body was 35–45%. Showing that for the T1300 material the
sintering processes is advanced, but not complete. On the other
hand, the sintering is complete for the T1500 material. This result
was also observed in the previous section where the initiation of
the sintering was established at 1100 1C. Materials ﬁred at 1400
and 1450 1C (T1400 and 1450) presented low porosities below
5%; depending on the application these materials can be under-
stood as dense materials. However the incomplete reaction is
observed, the equilibrium state is not reached.3.3. Crystalline phase evolutions
Diffraction patterns of the materials sintered at different
temperature are shown in Fig. 4. (T1300, T1400, T1450,
T1500). T1300 composite shows the presence of the reagents:
alumina, zircon and titania (rutile) phases. Evidencing that after
this treatment the chemical processes have not started. This result
was inferred from the dilatometric behavior as well (Fig. 1).
On the other hand the patterns of T1400 and T1450
evidence that the chemical reactions occurs but not completely.
Six crystalline phases were detected and quantiﬁed (Fig. 5):
two of the reagents (alumina, zircon) and mullite, zirconia in
the monoclinic polymorph, zirconium titanate and of alumi-
num titanate.Fig. 3. Density and apparent porosity of the ﬁred samples as a function of the
maximum temperature of the sintering temperature.
Fig. 5. Crystalline phase weight content of the studied materials.
Fig. 4. XRD patterns of the composite materials (principal peaks were
labeled).
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detected with the only exception of the disappearance of the
AlTi2O5 phase, which seems to be an intermediate phase
during the processes. This is expectable taking into account the
phase diagram reported by Melo et al. [35].
The Rwp parameters obtained were satisfactory (below 30)
in all the cases. Evidently T1300 material presents no chemical
processes and T1500 presents a full conversion of the Eqs.
((1)–(3)) with no evidence of the reagents (alumina–zircon–
titania). The small discrepancies with the stoichiometric results
can be explained by errors in the quantiﬁcation methodology
and the possible existence of Solid Solutions. Finally in the
fully converted triple composite the aimed equilibrium phases
were achieved (A3S2, ZT, Z). As expected, after intermediate
conditions, the reactions were partially advanced hence T1400
is a polyphasic ceramic with 5 crystalline phases (A, ZS,
A3S2,ZT, Z) due to the partial advance of the described
chemical processes.
3.4. Microstructure (SEM)
SEM micrographs (2000 ) of the T1300, T1400,
T1450 and T1500 materials are respectively shown in
Fig. 6A–D, three different microstructures can beobserved (Fig. 6Aa6B¼6Ca6D). Bearing in mind the
XRD results it can be clearly seen in Fig. 6A that the
unreacted alumina, zircon and titania powders were
partially sintered due to the thermal treatment. No
important chemical reaction occurred besides de Ana-
tase–Rutile conversion [57]. The grain size is equivalent
to the starting powder size (from data sheet). The porosity
principally consists in packing defects between the grains.
The middle T1400 and T1450 materials (Fig. 6B and C),
show the developed interlocked poly phasic (ﬁve) ceramic
microstructure, with E5% and E2% of porosity respectively.
The sintering is advanced but not strictly complete. The pore
size is important and of several microns, local highly dense
zones can be detected. Different phases can be delimited,
grains correspond to the one detected by XRD. Remembering
that the color is directly related to the atomic number, in the
present group, the following sequence zirconia, zirconium
titanate, zircon, mullite and alumina (ﬁrst two and the last two
are difﬁcult to differentiate). The grain size is slightly higher
than the one observed in the unreacted T1300; hence no
important grain growth occurred during reaction sintering, this
was only observed in T1500 (Fig. 6D) where evidently the
conditions favor the grain growth.
For a better visualization Fig. 7 shows Fig. 6D and a
digitally enlarged detail of the image. In the detail the different
observed phases are labeled (zirconia, zirconium titanate,
mullite, pore and crack). No important porosity can be
observed. Crystalline phases are mullite, zirconia and the
zirconium titanate. The mullite phase forms a continuous
phase in which the ZrO2, ZrTiO4 disperse grains are distrib-
uted. While zirconia grains are rounded and present a lighter
color the ZrTiO4 grains present a more irregular shape and are
in fact a bit darker than the zirconia ones. In T1500 the grain
size is higher (E5 mm) than the one observed in T1400
(E2 mm), evidencing a grain growth during the last part of the
processing. The sintering process is accompanied by a grain
growth. The sintering and reaction mechanism proposed in a
similar system was the occurrence of a transient liquid phase.
This can also explain the shape and size of the ZrTiO4 grains
and the effective sintering achieved (Table 2).
For the T1500 material the microstructure is a well-deﬁned
mullite (dark gray) ceramic matrix with a homogeneous
distribution of imbibed zirconia and zirconium titanate grains
(light gray, the second slightly darker), this microstructure is
comparable to the typical dispersoidal mullite zirconia com-
posites [7–19] but with the addition ZrTiO4 phase. This
interlocked microstructure with the imbibed zirconia grains
has been fully described and several toughening mechanisms
have been proposed to be possible to occur in this kind of
materials [58,60–62].
3.5. “Composite law” theoretical properties
After the crystalline phase quantiﬁcation, performed by the
Rietveld reﬁnement, the theoretical properties of the developed
composites can be estimated. The differences between the
achieved experimental properties and the theoretical values
Fig. 6. SEM images (2000 ) of the T1300, T1400, T1450 and T1500 materials (A, B, C and D respectively); indentation cracks can be observed in T1400
and T1500.
Fig. 7. SEM image of the T1500 material with a detail and the phase labels.
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specially the conﬁguration and pore presence. Table 3 shows
the calculated values.
As expected, the density behavior is clear, with two situations.
A partially sintered and un-reacted material (T1300) presents a
higher density (E10%) than the reaction sintered composites
processed at higher temperatures (T1400–T1450–T1500). In
particular these three present similar Dtheo.
The relative densiﬁcation can be calculated; this illustrates
the densiﬁcation process which occurred during the thermal
processing of the composites. The archived density deﬁnes the
composites as dense materials; the presence of close porosity
can explain the small difference.
The calculated thermal expansion coefﬁcients (αtheo) are
shown in Table 3, the values obtained fall within the 5.6–6.9 106 1C1 range being lower than ZrTiO4 value but
higher than zircon and mullite materials (Table 1). Finally the
calculated elastic modulus show also a decreasing behavior
with the ﬁring temperature and the reaction advance reaching a
200 GPa limit for fully converted materials T1500. These
values were used to calculate the fracture toughness by the
indentation method shown in the next section. The porosity
was not taken into account.
3.6. Reaction sintering
To illustrate globally the reaction sintering processes a
densiﬁcation-reaction evolution correlation was performed
(Fig. 8). The densiﬁcation was assumed as the ratio between
the Archimedes density and the composite law density, and the
Table 2
Crystalline phase composition of the studied materials evaluated by the XRD-Rietveld method (wt%).
T ZrSiO4 Al2O3 r-TiO2 a-TiO2 Al2TiO5 ZrTiO4 3Al2O3 . SiO2 m-ZrO2
T1300 47.2 43.8 7.5 1.5 0 0 0 0
T1400 13.8 5.9 0 0 1 16.5 52.1 10.7
T1450 5 3 0 0 0 15 57 16
T1500 1.1 0 0 0 0 12.7 64.4 21.8
Table 3















T1300 4.24 76.45 6.87 284.6
T1400 3.81 92.51 5.58 212.1
T1450 3.76 93.81 5.66 207.3
T1500 3.73 98.58 5.64 203.7
Fig. 8. Reaction sintering; densiﬁcation as a function of reaction evolution
(zirconia formation) of the studied materials.
Table 4
Vickers Hardness (Hv) and Fracture Toughness (KIC) of the developed
composites, error is expressed in percentages.
T Hv (MPa) Error (%) KIC (MPa m
1/2) Error (%)
T1300 4990 1.6 3.53 15
T1400 7090 2.0 4.29 12
T1450 7640 3.9 3.91 23
T1500 8900 3.1 3.90 11
Fig. 9. Vickers Hardness (Hv) and fracture Toughness (KIC) of the composite
materials as a function of the sintering temperature.
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Fig. 8 shows the reaction sintering behavior of the developed
ceramic material under these sintering conditions. Considering
the conforming method for the green body was obtained only
around the 60% of compaction degree, it is clear that the
deiﬁcation stage starts before the solid state reactions.3.7. Mechanical properties (Hv and KIC)
Table 4 shows the values of the Vickers hardness and the
fracture toughness obtained for the studied materials. An
estimated value of the elastic modulus was used to calculate
KIC (Eq. (7)). Remarkably the values achieved for KIC,
between 3.5 and 4.3 MPa m1/2, are high in comparison with
other mullite matrix dispersoidal composites [60]. These
values evidence the presence of toughening mechanisms in
the developed microstructures. On the other hand the values of
Hv are within the reported values for similar materials [60].The hardness (Hv) is plotted as a function of the sintering
temperature in Fig. 9. The Hv progressively increased in the
temperature range (1300–1500 1C) from 5000 MPa up to
9000 MPa, a linear ﬁtting was performed; results are shown
in Fig. 9 as well. This correlation was previously observed in
other materials [58,59]. The KIC behavior is related to the
developed microstructure [58,61,62].
The behavior of the fracture toughness with the sintering
temperature is different; KIC is almost constant within the
studied range. Particularly the T1300 presented the lower
value; this was expectable based in the fact of the incipient
reaction degree achieved. T1400 and T1450 presented similar
values, the second with a higher dispersion on the achieved
value. Finally T1500 presented a slightly lower value of KIC,
this might be explained by the the grain size increase observed.
Toughening enhancement can be obtained by incorporating
zirconia particles (ZrO2) in a ceramic matrix and (or) by
developing an interlocking microstructure [58,60-62]. Several
concurrent mechanisms are involved in the toughening: stress
induced transformation, micro-cracking, crack bowing and
crack deﬂection and also the thermal expansion mismatch.
Fig. 10. Vickers indent and crack developed for the T1450 and T1500 materials.
N.M. Rendtorff et al. / Ceramics International 42 (2016) 1563–15721570However, as the content of tetragonal zirconia is nearly
negligible, the transformation toughening mechanism should
be discarded as ﬁrst approach.
Fig. 10 shows the Vickers indent in the polished surface of
T1450 and 1500 materials. The homogeneous microstructure is
easily observed. The relation between the indent size and the
microstructure shape are adequate to apply the indentation
method [54–55]. However the effect of the porosity in Hv and
KIC is not clear hence the Vickers test is always carried out in
local porous free zone. This fact is not addressed in this work.
Fig. 10 shows Vickers indentation over the polished surface
of the T1450 and T1500 materials, which present the higher
sintering grade. The tortuous crack typical path can be observed.
The crack is very directional opposite to the indent center and
perpendicular between each other. But in a local point of view
some acute deﬂections related to grain boundaries and zirconia
presence are responsible for the toughness of the composite
material. This can explain the high KIC achieved. The difference
in the grain size between T1450 and T1500 (23 times bigger)
can explain the toughness decrease observed at the higher
temperature treatments. This effect is more important than the
reaction advance (Eqs. (1)–(3)) or the observed residual porosity
(only 2%). Perhaps it is due to the presence of interlocked grains
that can be observed in both microstructures independently of
the fully conversion and higher porosity.
In the future a ﬁne optimization can be performed, optimiz-
ing the ﬁnal sintering program by changing the temperature
rates (or adding an intermediate dwelling time) to enhance or
restrict the three competitive processes: chemical conversion,
pore disappearance (sintering) and grain growth. The ﬁrst two
are evident advantages and that it is well known that the grain
growth is detrimental for the mechanical and thermomechani-
cal performance of the structural ceramic materials.4. Conclusions
A series of ceramic composites from the Al2O3–SiO2–ZrO2–TiO2
system were elaborated, the processing route employed consisted in
pressureless sintering of slip casted inexpensive Alumina, Zircon,
Titania ﬁne powders (D50E1 μm). Particularly the stoichiometric
(3:2:1) molar. Incompatible mixtures of alumina (Al2O3), zircon
(ZrSiO4) and titania (TiO2) were slip casted and sintered in the
1300–1500 1C temperature range in order to obtain mullite
(3Al2O3  2SiO2), zirconia (ZrO2) and zirconium titanate (ZrTiO4)
dense triple ceramic composite. Not fully converted materials (ﬁred
at intermediate temperatures) resulted in ﬁve phase ceramic compo-
sites with a tough interlocked microstructure and low porosities
(45%), in several applications these could be considered dense
microstructures.
Both sintering and reaction occurred after the thermal
treatments. Reaction evolution and densiﬁcation were estab-
lished. Densiﬁcation started at 1100 1C and the chemical
reactions only started above 1300 1C with 200 1C of differ-
ence. Dense Triplex composite materials were achieved after
1500 1C treatments. Aluminum titanate (Al2TiO5) was found
to be and intermediate of the reaction after 1400 1C treatments.
Materials treated below 1300 1C presented a partial densiﬁca-
tion of the unreacted starting powders. Resulting ceramic
materials were characterized. The crystalline phases were
evaluated by the Rietveld method, as well as the texture
properties. The achieved microstructure consisted in inter-
locked multiphase ceramic with zirconia (monoclinic) grains.
The achieved Hv and KIC reached 9 GPa and 4.3 MPa m
1/2.
Hardness was directly correlated with the densiﬁcation. It can
be pointed out that after 1500 1C treatments some detrimental
grain growth was observed. Finally it can be concluded that the
dense and interlocked refractory microstructure and relative
N.M. Rendtorff et al. / Ceramics International 42 (2016) 1563–1572 1571high mechanical properties of the developed materials
encourages several high temperature applications.References
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